Flow-like landslides are rapidly moving fluid-solid mixtures that can cause significant destruction along paths that run far from their original sources. Existing models for run out prediction and motion simulation of flow-like landslides have many limitations. In this paper, we develop a new method named 'Tsunami Squares' to simulate the generation, propagation and stoppage of flow-like landslides based on conservation of volume and momentum. Landslide materials in the new method form divisible squares that are displaced, then further fractured. The squares move under the influence of gravity-driven acceleration and suffer decelerations due to basal and dynamic frictions. Distinctively, this method takes into account solid and fluid mechanics, particle interactions and flow regime transitions. We apply this approach to simulate the 1982 El Picacho landslide in San Salvador, capital city of El Salvador. Landslide products from Tsunami Squares such as run out distance, velocities, erosion and deposition depths and impacted area agree well with field investigated and eyewitness data.
I N T RO D U C T I O N
Flow-like landslides, being mixtures of sediment and water, are regarded as intermediate phenomena between clear-water flows and mass movements of solid material (Naef et al. 2006) : they include as mudflows, debris flows, lahars, granular flows and debris avalanches. Coussot & Meunier (1996) employed two parameters (solid fraction and material type) to classify flow-like landslides and distinguished two extreme flow types: muddy flows comprised of cohesive materials with minor solid fraction, and granular flows comprised of granular materials with minor water content. By contrast, debris flows, as a kind of flowlike landslides, are peculiar events in which a highly concentrated viscous water-debris mixture runs through a stream channel. Flow-like landslides that initiate on steep slopes in mountainous regions possess the capacity to travel long distances at high velocities before finally spreading over an alluvial fan (Begueria et al. 2009 ). Dynamic models of landslide run out classify into two categories: block-sliding and continuum mechanical. Ward & Day (2006) noted that block-sliding models (Heim 1882 (Heim , 1932 Shreve 1968; Hsu 1975; Ui 1983; Siebert et al. 1987; Erismann & Abele 2001; Hampton et al. 2002) have many drawbacks such as limited frictional behaviour, idealized landslide-topography interaction and an inability to mimic erosion and sediment transfer. In recent years, several dynamic models for flow-like landslides have been developed for hazard evaluation and risk assessment based on continuum mechanics. Most of them are solved numerically in one (Hungr 1995; Naef et al. 2006; Luna et al. 2012) or two dimensions (Savage & Hutter 1989; O'Brien & Julien 1993; Laigle & Coussot 1997; Chen & Lee 2000; Hungr & McDougall 2009) . Savage & Hutter (1989) developed the SH model that treats granular material as a cohesionless, incompressible Coulomb continuum and adopts depth-integrated flow equations. In the SH model, materials behave more solid-like so that both the internal particle interaction and the basal flow resistance are frictional, but with different coefficients. Hungr (1995) , Hungr & McDougall (2009) extended the SH formulation into DAN and DAN3D models by creating the concept of 'equivalent fluid' in smoothed particle hydrodynamics (SPH) and replacing the basal friction term by an open rheological kernel. As in the SH model, the internal rheology in Hungr's model is still assumed to be frictional and hydrostatic and governed only by the internal friction angle. Pastor et al. (2009) and Cascini et al. (2014) proposed a hydromechanical SPH model in which the solid matrix and pore water fluid are separately taken into account. Gray et al. (1999) , Chen & Lee (2000) and proposed still more complex models inheriting the advantages of those above while adding progressive development of full granular flow analysis. Despite their longstanding and widespread use, these models have many limitations including: (1) oversimplification of solid/fluid mechanics and internal particle interaction; (2) inaccurate description of the basal flow resistance; (3) neglect of flow regime transitions from landslide initiation to stoppage and (4) expensive computation and difficulties in expanding to large spatial scales.
In this paper, we propose a 2-D, meshless, dynamic model called 'Tsunami Squares' based on earlier work using 'Tsunami Balls' (Ward & Day 2006 , 2008 , 2011 . The new method takes sliding surfaces and particle interactions into account, and dissects flow regime transitions from landslide initiation to stoppage. Rather than employing meshes or stable particles, materials comprise divisible squares that are displaced and then further fractured. The squares move under the influence of gravity-driven acceleration and suffer decelerations due to basal and dynamic frictions. In this way, the method obviates the need for millions of individual particles and can be extended to large spatial scales. We then apply the 'Tsunami Squares' method to a real event-the September 19, 1982 El Picacho landslide in El Salvador.
R E V I E W O F T H E 1 9 8 E V E N T
At dawn before 6:00 am on September 19, 1982, a rainfall-induced landslide initiated on the upper slope of San Salvador Volcano, and flowed into the outskirts of San Salvador more than 4 km away. The slide killed 300-500 people in a neighbourhood northwest of the City [Bäcklin & Finnson (1994); Figs 1b and c] . The source of the landslide, El Picacho Peak, locates at a prominent elevation high northwest of the crater of San Salvador volcano (Kiernan & Ledru 1996; Figs 1a and b) . In 1934, a large debris flow had hit the same area without consequence to life and property because the landslide path was uninhabited at the time. In October 2008, a small rainfall-induced debris flow (∼3000 m 3 ) recurred in the same place, but it did not reach any populated or built-up areas (Cepeda et al. 2010) . Currently, the city of San Salvador and surrounding communities have gradually encroached onto the lower flanks of a volcano prone to natural hazards, such as earthquakes, floods, landslides and eruptions (Major et al. 2003) . San Salvador volcano has erupted violently and explosively several times during the past 70 000 yr, even as recently as 800 years ago. As a result, frequently deposited tephra or pyroclastic falls provide a ready source of sediment that can be mobilized into flow-type landslides. Contributing to their instability, the upper layers of these deposits are intensively weathered to a depth of 5-10 m (Cepeda et al. 2010) . Earthquakes and heavy rainfall are the main triggers of landslides in El Salvador. An example of the former is 2001 January 13 earthquake in which a single infamous landslide in Las Colinas (Fig. 1b, red point) killed more than 500 people (Crosta et al. 2005) . El Picacho landslide exemplifies the latter trigger, happening after an intense and prolonged period of precipitation from 1982 September 17-19. extracted the landslide source area, flow path and impacted area (see Fig. 2 ). According to the descriptions of Kiernan & Ledru (1996) , the source area located from 1600 to 1925 m.a.s.l (metres above sea level) on the upper slopes of the eastern side of the El Picacho peak within the Las Lajas ravine, and covered an area of ∼60 700 m 2 (Fig. 2 , see blue polygon). They estimated landslide volume to be 425 000 m 3 with an average thickness of 7 m. The slide mass was composed entirely of various volcanic materials: fractured lava flow clast, airfall tephra and pyroclastic soils. Laboratory tests of samples retrieved from the only remaining deposit located on the northern bank of the Las Lajas ravine (Fig. 2, zone D) indicate that the fine content of the flow deposit was less than 10 per cent with a predominant sand fraction ranging from 60 to 70 per cent in weight (Cepeda et al. 2010) .
Soon after initiation, the landslide moved down slope and transformed into a rapid debris flow. After passing through a large bend at site B (Fig. 2, site B) , it travelled nearly 2 km along a straight and narrow channel. Finally, it rushed through the urban line and came to rest on a relatively flat place (0-5
• ) at an elevation of ∼750-800 m.a.s.l, over an impact area of ∼97 000 m 2 (Bäcklin & Finnson 1994; Fig. 2 , see red polygon). Several field observations, topographic surveys and witness interviews were carried out after the 1982 event. Based on the debris trail and impact area, Bäcklin & Finnson (1994) measured the maximum run out distance of 4474 m (Fig. 2, see cyan line) . Blanco et al. (2002) estimated a maximum area of the cross-section (Fig. 2 , see red line crossing the debris trail) to be 150 m 2 . From witness reports and contemporary newspapers, scientists obtained the final and maximum flow depths at site E and site F (Fig. 2 , see points E and F). At site E (currently, a park), the final depth is 1.5 m and the maximum flow depth equals 2 m. By contrast, these depths were assessed to be 1 and 2 m at site F (a pink house 200 m from the park at site E). A maximum flow velocity of 4.4 m s -1 (Cepeda et al. 2010) calculated from the run-up height and mud splash marks on the walls of the pink house as pictured in contemporary newspapers. These field surveys and laboratory tests provide fairly tight constraints on simulation parameters.
T S U N A M I S Q UA R E S A P P ROA C H
Typical calculations of flow-like landslides solve non-linear continuity and momentum equations for variation in flow thickness H (r, t) and depth averaged horizontal velocity v(r, t) at fixed mesh nodes r =(x, y). In this case,
and
Here g is the acceleration of gravity, ∇ h is the horizontal gradient, and ζ (r, t) is the topography. If we step small dt, then (1) and (2) are
For high-speed landslides, momentum transfer is significant and the non-linear term (second RHS term of eq. 4) is important. If however, flow velocities are small, momentum transfer is negligible and the non-linear term can be dropped. Tsunami Squares solves equations that are equivalent to these, but uses a new approach. Figs 3(a)-(c) cartoon the process. Consider a regular set of N square cells with dimension D c (the side length of the uniform squares) and centre points r i = (x i , y i ). At time t, each cell holds mass of thickness H i (t) = H (r i , t) with mean horizontal velocity v i (t) = v(r i , t) and mean horizontal acceleration a i (t) = a(r i , t) (Fig. 3c, top left) . The entire concept of landslide propagation involves updating those conditions to time t + dt, where dt is some small time interval so that material from one square does not move beyond adjacent squares in a single time step. Envision two conceptual squares: fixed ones (Fig. 3c , black) and ghost ones (Fig. 3c, red) . The fixed squares in 'Tsunami Squares' are regarded as containers forming a square-net that does not move. Ghost squares with specified mass in each container are treated as moving cells within one time step. A ghost cell disappears after it moves and redistributes its mass and momentum to adjacent fixed squares. This process simply replaces the continuity eq. (1) common to most numerical approaches mentioned above by tracking material from one square to another.
Within a certain time step, pick one cell, say i = 10 (Fig. 3c , top right, red square). With its known velocity and acceleration displace the ghost cell to a new centre point
and give it a new mean velocitỹ
We wish to partition the volume and linear momentum of the mass in the displaced cell among the N original fixed squares. A bit of thinking tells you that the partitioned volume of the displaced ith cell into the jth original square is
The product of the right two terms in eq. (7) is simply a statement of the fractional area overlap of the ith displaced cell with the jth fixed one. Clearly, there is no need to run the partitioning through all j = N squares because at most, only four original squares overlap the displaced one ( Fig. 3c , bottom left). Moreover sincer i is known and the cells are square, it is simple to determine which four cells overlap. Partitioning of vector linear momentum follows in the same way
The N updated thickness H j (t + dt) and velocity v j (t + dt) values in the jth fixed grid (Fig. 3c , bottom right) come from summing and normalizing the volume (7) and momentum (8) over all i displaced cells:
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Because only four of δV ji and δM ji are non-zero for each i, the sums in (9) and (10) involve 4N terms (not N 2 ). Process (5-10) has time-stepped a flow simulation on a fixed grid while:
(1) Conserving material volume exactly. It is verified that the sum of the four non-zero partitioned volumes δV ji , in eq. (7) exactly equals H i D 2 c , the volume of the displaced cell. Eq. (9) replaces the 'continuity equation' common to most numerical approaches by tracking material from one cell to another.
(2) Conserving linear momentum exactly. It is obvious that the momentum of the material in the ith cell is the sum of the four δM ji = (ρ w δV jiṽi ). By tracking momentum from one cell to another, eq. (10) replaces the advected component [−∇ h · v(r, t)v(r, t)H (r, t)] in the momentum eq. (2). For high speed landslides and flows, conservation of momentum is critical for constructing realistic simulations.
(3) Reducing a N 2 summation to a 4N one. (4) Obviating the need for a single numerical derivative.
To illustrate the equivalence of (9) and (10) with traditional eqs (3) and (4), let us evaluate (9) 
The first RHS term in (11) is the original material in cell j. The second RHS term in (11) is the material originally in cell j that left to adjacent cells. The sums in (11) only include those cells i = j in the x and y directions that overlap the jth cell after their displacement (5). They account for the material originally in adjacent cells that have moved into cell j. Another statement of (11) is
Hence, eq. (11) is exactly equivalent to eq. (3) for vanishingly small dt. We can evaluate (10) in the same way
The first RHS term in (13) is the original momentum in cell j. The second RHS term in (13) is the momentum originally in cell j that left to adjacent cells. The sums i = j in (13) account for the momentum originally in adjacent cells that have moved into cell j. Eq. (13) is equivalent to the first three terms in eq. (4) for vanishingly small dt.
Tsunami Squares updates flow velocities through the slope of the surface [third RHS term in (4)] as a separate step. Tsunami Squares satisfies the same non-linear continuity and momentum equations employed in traditional methods, but does so in a way that is more intuitive (just move a cell then partition mass and momentum).
L A N D S L I D E S I M U L AT I O N
The motion of flow-like landslides is complex and controlled by factors including solid fraction, sediment composition and substrate roughness. Generally, it is impractical to integrate detailed flow mechanics into dynamic modelling because field observations do not provide the information needed to constrain the physical parameters involved. Instead, we consider flow-like landslides to behave partly like a solid due to a cohesive fraction and partly like a fluid as they flow into valleys and channels (Coussot & Meunier 1996) . Moreover, we assume that the slide mass of flow-like landslides comprise a depth-averaged homogeneous material but allow for a change in properties from solid-like to fluid-like during motion.
Gravitational acceleration
Material elements in the squares suffer two kinds of forces: mass force and surface forces applied to the sides and basal surface.
Firstly, consider a square containing material treated as a rigid block with stress free sides and supposed to move on a smoothed slope in x, y directions (Fig. 4a) . (For now, disregard frictions on the basal surface.) If the bottom slope is small compared to unity (the Appendix), the total force in the x direction is a body force only
Here, Mg is the weight of the block. In contrast, if the square is regarded as fluid bounded by fluid neighbours (Fig. 4b) , then the vertical faces see pressure forces from the fluid on the other sides. The pressure force expresses a kind of particle interaction between fluid-like squares. After adding the pressure forces to the body force (14), we find (the Appendix) that the total force F T on the fluid square in the x direction is
For landslide material considered solid, the gravitational force on the square depends upon the slope of the bottom surface (14). For landslide material considered fluid-like, the gravitational force on the square depends upon the slope of the top surface (15).
Transitioning from a landslide that 'runs' on the bottom or top surface is the essence of solid to flow-like simulations. During the first few seconds of landslide initiation, the material is deemed to reserve more solid-like properties. Accordingly, Tsunami Squares calculates the gravitational acceleration with eq. (14) and then switches to eq. (15) as materials transition from solid-like to fluid-like with cohesion loss and velocity increase.
To propel the time loop, we update mean cell accelerations proportionally to either the slope of bottom surface T (r i )
or upper surface ζ (r i )
based on the above discussion. Figure 4 . The stress analysis diagram for a single free sided square. Square A is a rigid block. Square B is a fluid block. T (x) is the topography of the bottom sliding surface, ζ (x) is the topography of the top surface of the block and P(x) represents the pressure forces from the fluid on either side. θ T is the slope angle and n is the unit normal vector to the bottom surface. H (r i , t) = H i (t) is the flow thickness and ∇ h is the horizontal gradient (Fig. 5) .
The ∇ h T (r i , t) and ∇ h ζ (r i , t) in (16) and (17) are the only steps where a numerical derivative needs to be evaluated. We avoid even this sole differentiation however, by fitting a plane to several ζ (r i , t) or T (r i , t) in the vicinity of r i and fixing the horizontal gradient from the slope of that surface. This plane-fitting approach helps stabilize the calculation by estimating the gradient across a two-dimensional region versus adjacent points alone. Another advantage of the planefitting approach is the ability to 'punch out' certain locations near r i by excluding them in the fit.
Frictional accelerations
Basal and dynamic frictions are added to eqs (16) and (17) to slow the moving system.
Basal friction is a resistance on a sliding surface due to interactions between moving materials and the rough bed. It depends upon material type, solid fraction, bed roughness and normal stress. The acceleration of a cell of material due to basal friction is
Here,v slide (r i , t) is the unit velocity vector and μ b is the basal friction coefficient. Basal friction is treated as a solid-like moving resistance. Any slide or flow will stop after a certain time and distance. Many landslide debris fields come to rest with a fairly uniform and easily measured slope, called 'angle of repose' (θ repose ). We can incorporate the concept of repose angle by allowing the basal friction coefficient in (19) to be a function of the current surface slope. If the landslide slope exceeds a specified repose angle, then a supposed low basal friction slows the squares, but will not stop or stick them in place. If the landslide moves to a flat terrain, then the basal friction coefficient grows as slope angle becomes smaller than the specified repose angle. With some adjustments, it is possible to terminate a model landslide with a repose angle close to that measured in the field.
Dynamic friction is resistance in moving bulk through air or water. We view it as viscous-like resistance acting on the top or bottom surface of the block. Dynamic friction is independent of normal stress and proportional to the square of the flow velocity. The acceleration of a cell of material due to dynamic friction is
Here, H (r i , t) is thickness of the flow and μ d is the dynamic friction coefficient that expresses all velocity-dependent properties of particle interaction. This coefficient is assumed to be constant throughout the stages of landslide motion. Because dynamic resistance increases like |v 2 |, it is weak during landslide initiation and stoppage, but it plays a dominant role in high-speed moving masses. Both basal and dynamic frictions act to slow the slide, but are not allowed to reverse the sliding direction.
Erosion and deposition
Tsunami Squares can accommodate deposition and erosion phenomena throughout landslide motion. For each time step dt, we calculate the change in cell thickness and topography due to erosion and deposition by
If cell velocity exceeds V critical , a bit of the underlying topography is 'eroded' and added to the slide thickness in that cell by eqs (21a) and (21b). The augmented cell then moves down slope in the usual manner, possibly adding to its thickness by eroding topography in other locations. If slide velocity falls below V critical , a bit of the cell thickness is removed and 'deposited' to the underlying topography. Eventually, all of the cell material deposits as the slide stops. Note that as topography changes in time by erosion and deposition, subsequent material passing by the location has to adjust trajectory. Dams, lateral levees and ponded debris lakes form by this process.
A P P L I C AT I O N T O T H E 1 9 8 2 E V E N T

Model setup
Based on the descriptions in Section 2, we construct the El Picacho landslide model to possess a volume of 425 000 m 3 and cover a source area of 60 700 m 2 . According to the magnitude and impact extent of the landslide, we set a square dimension (D c ) of 10 m over a 240 by 480 topographic grid derived from a 10-m resolution DEM provided by U.S. Geological Survey. The 10-m spacing keeps the calculation efficient within 'laptop computer' scale, but is sufficiently detailed to model landslide behaviour well. We set the time step t=0.4s, so that the maximum displacement (10 m s -1 maximum mean velocity estimated from witness reports) in one step is less than 10 m. Ward & Day (2006) indicated that the changing nature of landslide deposits versus distance from their source explicitly related morphological differentiation to progressive fragmentation and ultimately to changes in material properties during landslide motion. Such occurrences are mostly found in rock and debris avalanches, whereas in the El Picacho case the slide mass was composed of intensely weathered and fine-grained volcanic materials mixed with abundant water. We treat the slide mass as a depth-averaged homogeneous material allowing for a property change from solid-like to fluid-like. To satisfy the constraint that no overspill happens at site B (Fig. 2) , we set the dynamic friction coefficient μ d = 0.3. Then, we adjust the basal friction coefficient over several runs starting with μ b = 0.01. When the flow reaches flat terrain with a slope angle less than the specified angle of repose, basal friction coefficient gradually grows to μ b = 0.03 to the stop the flow.
Field observations find that most of the deposits distributed on a relatively flat region with slope angle of 0 to 5 degrees. Accordingly, we set θ repose = 5
• . Erosion phenomena were rarely observed along the flow path, so we set a slight erosion rate of E r = 0.0005 and critical velocity as V critical = 4 m s −1 . All the parameters for the El Picacho landslide model are listed below in Table 1 . 
Model products
Given the parameters above, we ran 'Tsunami Squares' and obtained a series of simulations. Fig. 6 shows eight frames of one of them. (A movie is available on the worldwide web see http://es.ucsc.edu/∼ward/picacho.mov).
Simulated landslide motion
In Panel 1, 19 s after initiation, the landslide transforms into a fastmoving debris flow, sliding and spreading downslope with speeds up to 11 m s -1 . The model slide accelerates rapidly on the steep slope (30-40
• ). In the real case, rapid acceleration may have resulted from liquefaction of water-saturation of slide material after 3 d of heavy rainfall. One minute and 40 s after the start of the collapse (see Panel 2), the front of the flow reaches the valley's biggest bend at site B (Fig. 6, point B in Panel 1) . Almost the entire moving mass turns right gently and flows into a narrow channel. No overspill happens at the bend due to the lower flow speed of ∼6 m s -1 at that time. From 2 to 8 min (Panel 3-4), the main flow moves downslope over a distance of ∼2 km along a relatively straight ravine. Meanwhile, the flow velocity decreases slowly due to frictional energy and momentum losses and reduction of slope angle. After 10 min, the flow passed through the 2 km straight channel, travelled across the urban line, and encroached into the gently flat neighbourhoods (Panel 5-8). As a result of losing kinetic energy, some of the squares, especially on the boundary of flow, slowed down and came to rest on the rough flat land. Fig. 7 shows the history of landslide motion including accelerations, velocities, and basal and dynamic frictions. On initially steep slopes, the landslide accelerates rapidly, reaching peak speeds of 11 m s −1 within 10 s (Fig. 7a, see point c) . From 10 to 100 s, increasing dynamic friction slows the landslide causing the velocity to trace a parabolic-like curve above 5 m s -1 . Between 100 and 800 s, debris spreads downslope along a straight channel and the flow slows due to decreasing gravitational acceleration (Fig. 7b , see green line). Prior to 800s, dynamic friction strongly correlates with velocity and dominates flow behaviour (Figs 7a and b, see purple and blue line). After 500 s, the flow rushes through the urban line. Beyond, is flat terrain where slopes are smaller than the repose angle and basal friction grows slightly (Fig. 7b, see red line) . After 800 s, dynamic friction decreases and finally dies out, however, basal friction continues to increase, stopping or sticking the squares in place.
Deposition and erosion phenomena
The brown colors in Fig. 8(a) show the final depth distribution of deposits of the El Picacho landslide model. Sensibly, most deposits are found in the black polygon (Fig. 8a) at the foot of the slide where frictional resistance halted the flow, and what little erosion that there was took place in the upper reaches where slide velocity was highest. Lateral levees form where debris escapes confinement by overtopping channels (Fig. 8a, between site A and B) . Being thinner, the lateral parts of the flow move more slowly than the central part and tend to freeze in place sooner. As a result, deposition is stronger at the edges of the flow and part of the slide material gets abandoned there forming lateral levees. 
Energy discussion
The numbers in the lower left yellow frames in Fig. 6 track the slide's current kinetic energy (KE), the gravitational potential energy lost (GPE) and the sum. In any energetically acceptable landslide simulation, GPE+KE must be negative at all times. Even early on, (Panel 1), the ratio of KE to GPE is just 5.5 per cent, the remaining 94.5 per cent of energy having been lost to friction. Landslides are not very energy efficient at transferring potential to kinetic energy. Generally the KE to GPE ratio continues to fall as landslides progress, reaching 0 per cent of course, as they come to a halt. The GPE lost in this small landslide was 9.3E+12 J, equivalent to 2.2 Kiloton of TNT. It is a good thing that landslides are not efficient carriers of energy.
Validation of model products
We compare eight observational criteria with simulated values to validate model performance (Table 2) . Bäcklin & Finnson (1994) measured the maximum run out distance of 4474 m (Table 2) (Fig. 8a , see black polygon). The 4428 m run out distance in the simulation perfectly matches the observed one, while the 115 456 m 2 simulated impact zone slightly overpredicts. Particularly, more than 90 per cent of deposits lie in the measured zone (black polygon). Possibly, thin deposits outside the polygon were cleared up by local people or washed away before the belated field survey. The witness reports indicate that the final and maximum flow depths at site E are 1.5 and 2 m, fitting the calculated values of 1.6 m (Fig. 8a, deposits at site E) and 2.2 m (Fig. 6, Panel 6 , maximum flow depth at site E). The estimated depths of 1 and 2 m at site F also match simulated values of 1.2 m (Fig. 8a , deposits at site F) and 2.2 m (Fig. 6, Panel 6 , maximum flow depth at site F).
The 160 m 2 maximum cross sectional area of the simulated slide (Fig. 8a , see red line crossing the debris trail at site C) compares well with 150 m 2 value estimated by Blanco et al. (2002) . In the simulation, we tracked the velocity history at site F (Fig. 8b) . The curve records a mean velocity of ∼1.5 m s -1 , but shows a peak velocity of 4.1-4.8 m s -1 . The maximum velocity (4.4 m s -1 ) at site F estimated from the mud splash marks on the pink house coincides with the simulated peak velocity there.
Tsunami Squares approach achieved considerable success in modelling El Picacho landslide. The success of the approach lies in its ability to maintain overall consistency with observed deposits while satisfying constraints from eyewitness and field investigated data.
M O D E L E X T E N S I O N S
Diverse gravitationally driven processes like mud flows, pyroclastic flows, snow avalanches, and submarine landslides can be mimicked by Tsunami Squares by allowing subtly different mechanisms of movement and friction. We have already successfully applied Tsunami Squares to these kinds of flows as well as parented water waves. Case studies are available on Steven Ward's main index and blog, see http://es.ucsc.edu/∼ward/ and http://www.openhazards.com/blogs/steve.
In Tsunami Squares, we build a new set of parameters, including μ b ,μ d ,θ repose and E r that are largely constrained by field measurements of actual landslides. After analysis of many historical landslides of similar type, a parameter database can be formed. By 
C O N C L U S I O N S
This paper introduces Tsunami Squares, a new method for simulating flow-like landslides and applies it to the 1982 El Picacho, El Salvador landslide. Simulation products such as run out distance, impacted area, erosion and deposition depths, velocities and cross sections show good agreement with field investigations and eyewitness observations. Possessing several advantages, Tsunami Squares proves to be an excellent and conceptually simple method for simulation of flow-type landslides in that:
(1) It accelerates and transports squares of material that are fractured into new squares in such a way as to conserve volume and linear momentum.
(2) It takes into account of solid/fluid mechanics and particle interactions by updating velocities through the slope of the top or bottom surfaces of the flow. (4) It incorporates entrainment and deposition into landslide modelling.
(5) It has proved suitable to other natural hazards, such as dam breaks, hurricanes, storm surges, lahars, and tsunamis in both backward and forward predictions.
(6) It adopts a meshless, rapid 'laptop computer' size calculation. By employing uniform squares, it obviates the use of millions of individual particles and can be expanded to large spatial scales.
We emphasize the rapidity and computational efficiency of Tsunami Squares that permit its timely and economical role in a range of hazard assessment and emergency management applications.
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R E F E R E N C E S
and assuming ∇T (x) is small, then
The total force on a block with free faces is from body force (A4) alone, and this depends only on the slope of the bottom surface. For a fluid we also have to consider the pressure forces on the block faces. If pressure is hydrostatic, then the depth-integrated force on the block faces is 
The total force on a fluid block would be body force (A4) plus pressure force (A5)
The total force on a fluid block depends only on the slope of the top surface.
